Vacuoles are very prominent compartments within plant cells, and understanding of their function relies on knowledge of their content. Here, we present a simple vacuole purification protocol that was successfully used for large-scale isolation of vacuoles, free of significant contamination from other endomembrane compartments. This method is based on osmotic and thermal disruption of mesophyl-derived Arabidopsis protoplasts, followed by a density gradient fractionation of the cellular content. The whole procedure, including protoplast isolation, takes approximately 6 h.
INTRODUCTION
Large-scale isolation and characterization of cellular organelles offers excellent opportunities in plant systems biology 1 . Detailed qualitative and quantitative knowledge of the composition of a particular organelle allows for investigation of subcellular pathways through the identification of novel protein components and the analysis of cellular sinks. This also facilitates detailed comparative studies between species or between mutant and wild-type plants. In contrast to some organelles, such as mitochondria and chloroplasts, that are relatively easy to obtain in a pure form 2, 3 , plant vacuoles are extremely fragile, and their isolation using conventional tissue homogenization and fractionation schemes can be remarkably challenging and often results in a subcellular fraction without the same properties as intact mature vacuoles 4 . The first successful technique to overcome these difficulties was based on protoplast isolation and subsequent gentle release of vacuoles by osmotic shock 5, 6 . Later large-scale isolation protocols employed gradient fractionation of osmotically released organelles 7, 8 , and the method was further optimized by application of both osmotic and thermal shocks to the isolated protoplasts 9, 10 . As an alternative to the protoplast methods, which are applicable only to relatively soft tissues, vacuoles can be isolated by slicing the plant material and releasing contents into a medium with a perfectly adjusted osmoticum 11 . In subsequent studies, numerous vacuolar constituents have been determined, including sugars and amino acids 12 , hydrolases 13 and ions 14 .
The increasing impact of proteomic studies on plant biology 15, 16 has triggered renewed interest in organelle purification and led to two independent proteomic studies focused on intact vacuoles derived from different plant tissues 17, 18 . In contrast to a relatively intricate protocol describing intact vacuole purification from an Arabidopsis cell suspension 18 , we present a simple, reliable method for vacuole isolation from Arabidopsis leaf mesophyl protoplasts in great detail 17 . This protocol is based on one-step Ficoll gradient fractionation of osmotically and thermally lysed protoplasts under simple chemical conditions. This method has been used successfully in our laboratory for biochemical characterization of vacuolar contents using both proteomics and immunological approaches. The focus of this protocol on vegetative tissues has allowed for comparative studies of a mutant plant line that was affected in terms of vacuolar protein processing and degradation 19 . Therefore, this protocol provides an exceptional opportunity for comparative studies between multiple plant lines without generation of stable cell suspension cultures.
Procedural comments
This protocol is designed to be performed within 1 d. It consists of two steps, which include the isolation of the protoplast followed by a gradient fractionation. The buffers should be made fresh, and the plant tissues cannot be frozen. It is recommended that the experimenter wear gloves during the whole procedure. . . Ultra-clear centrifugation tubes, 14 
M).
Lysis buffer Mix 3 ml 1 M mannitol, 5 ml 30% Ficoll, 300 ml EDTA pH 8.0, 375 ml 0.2 M sodium phosphate pH 8.0 and 75 ml Neutral Red 20 . Add Milli-Q water until the total volume is 15 ml. Keep at 37 1C. Vacuole buffer Mix 4.5 ml 1 M mannitol, 250 ml 0.2 M sodium phosphate pH 7.5 and 40 ml 0.5 M EDTA pH 8.0. Add Milli-Q water until the total volume is 10 ml. Keep on ice. 4% Ficoll solution Mix 4.5 ml vacuole buffer and 3 ml lysis buffer. Keep at room temperature (B25 1C). Wash buffer Mix 60 ml 1 M mannitol and 30 ml 50 mM MES pH 5.6. Add Milli-Q water until the total volume is 150 ml. 10| Remove and discard the supernatant using a Falcon disposable polystyrene serological pipette.
11| Gently re-suspend the pellet in approximately 30 ml wash buffer. 12| Spin (as described in Step 9) and wash once more with wash buffer to remove protoplasting enzymes.
13| Check the isolated protoplasts under the light microscope. You may wish to keep some unlysed protoplasts for comparative/enrichment analysis. Proceed with the remainder as described below.
Vacuole isolation 14| Add 10.5 ml pre-warmed lysis buffer to the protoplasts using a Falcon disposable polystyrene serological pipette. 15| Re-suspend well, yet gently, by pipetting 5-8 times up and down using a 5-ml Pyrex reusable wide-tip serological pipette.
16| Wait for 2 min.
17| Inspect the protoplast disruption and the vacuole release under the light microscope (Fig. 1) .
18| Transfer 5 ml of the solution into an ultra-clear centrifugation tube (two tubes per sample) using a 5 ml Pyrex reusable wide-tip serological pipette.
19| Overlay with 3 ml 4% Ficoll solution using a 10 ml Falcon disposable polystyrene serological pipette. m CRITICAL STEP The layering of the gradient has to be done very carefully but quickly; try to avoid mixing the consecutive layers.
20| Layer 1 ml ice-cold vacuole buffer on the top of the gradient. m CRITICAL STEP The layering of the gradient has to be done very carefully but quickly; try to avoid mixing the consecutive layers.
21| Spin for 50 min at 71,000g at 10 1C in an Optima L-90K ultra-centrifuge using slow acceleration and slow deceleration settings.
22|
Vacuoles should be visible as a pink layer on the interface between 0 and 4% Ficoll. Remove them carefully using a pipette. ? TROUBLESHOOTING 23| Check the vacuoles for purity under the light microscope (Fig. 1) . ? TROUBLESHOOTING
TIMING
Vacuole isolation can be performed in approximately 6 h.
? TROUBLESHOOTING Troubleshooting advice can be found in Table 1 .
ANTICIPATED RESULTS
The typical amount of protein found in the final vacuolar sample is 50 mg. The purity of the vacuole fraction extracted according to this protocol has been studied and discussed extensively 17, 19, 21 . The presence of different markers of the endomembrane system and other organelles in the vacuolar fraction has been examined using immunoblot analysis. The vacuolar markers AtALEU, g-TIP and SYP22 were enriched in the vacuolar fractions, but AtVPS45 (TGN), SYP21 (PVC), AtSEC12 (ER) and Hsp93 (chloroplasts) were not present at a detectable level in the vacuolar fractions, indicating that the fractions were not contaminated with these organelles. 
